The Ccr4-Not complex is a global regulator of transcription that affects genes positively and negatively and is thought to modulate the activity of TFIID. In the present work, we provide evidence that the Ccr4-Not complex may contribute to transcriptional regulation by the Ras/cAMP pathway. Several observations support this model. First, Msn2/4p-dependent transcription, which is known to be under negative control of cAMP-dependent protein kinase (PKA), is derepressed in all ccr4-not mutants. This phenotype is paralleled by specific post-translational modification defects of Msn2p in ccr4-not mutants relative to wild-type cells. Secondly, mutations in various NOT genes result in a synthetic temperature-sensitive growth defect when combined with mutations that compromise cells for PKA activity and at least partially suppress the effects of both a dominant-active RAS2 Val-19 allele and loss of Rim15p. Thirdly, Not3p and Not5p, which are modified and subsequently degraded by stress signals that also lead to increased Msn2/4p-dependent activity, show a specific twohybrid interaction with Tpk2p. Together, our results suggest that the Ccr4-Not complex may function as an effector of the Ras/cAMP pathway that contributes to repress basal, stress-and starvation-induced transcription by Msn2/4p.
involve the co-ordinate transcriptional regulation of sets of genes in response to specific environmental signals. A well-characterized example of such a response is the induction of genes that carry stress response elements (STREs) in their promoter regions by a large number of stresses, including heat and osmotic shock, nutrient starvation, as well as DNA and oxidative damage (for reviews, see Mager and De Kruijff, 1995; Ruis and Schüller, 1995) . The corresponding transcriptional activation is mediated by a pair of redundantly functioning zinc finger proteins, namely Msn2p and Msn4p, which are induced by stress to accumulate in the nucleus where they can bind to and activate transcription from STREs (Estruch and Carlson, 1993; Martinez-Pastor et al., 1996; Schmitt and McEntee, 1996; Görner et al., 1998) . Strains lacking both Msn2p and Msn4p are sensitive to various forms of stress, and it is thought that these two factors may generally receive and integrate signals from different stress-signalling pathways. Notably, each of these stress-signalling pathways may also, in parallel, induce the activation of a subset of stress-specific transcriptional activators [e.g. the heatinduced activation of the heat shock factor Hsf1p (BoyMarcotte et al., 1999) , or the Hog1p-dependent activation of Hot1p after osmotic shock (Rep et al., 1999) ]. Together, the general and specific responses allow the cell to cope optimally with a broad spectrum of various stress conditions.
The Msn2/4p-dependent gene induction through STREs is negatively controlled by the Ras/cAMP pathway (Smith et al., 1998 ; for reviews and further details on the Ras/cAMP pathway, see Tatchell, 1986; Broach, 1991; Thevelein and de Winde, 1999) . cAMP levels are thought to be regulated not only by the Cdc25p/Rasp signalling pathway, but by signalling through Gpa2p, one of the two G protein a-subunits of yeast (Xue et al., 1998) . Even though there is as yet no evidence that cAMP-dependent protein kinase (PKA) phosphorylates Msn2p directly, it has been suggested that PKA exerts its negative effect on Msn2p-dependent gene transcription by directly inhibiting Msn2p function and/or nuclear localization (Görner et al., 1998) . Accordingly, Msn2p was found to be phosphorylated in vitro by PKA, and mutation of the corresponding consensus sites for PKA phosphorylation resulted in a defect in cAMP-mediated nuclear export of Msn2p in stressed cells. In support of a model in which
Introduction
All organisms have evolved mechanisms to adapt to different environmental conditions. In the yeast Saccharomyces cerevisiae, many of these mechanisms direct, PKA-mediated phosphorylation causes cytoplasmic retention of Msn2/4p, the 14-3-3 anchoring protein Bmh2p has recently been suggested to serve as an anchor protein for serine-phosphorylated Msn2p (Beck and Hall, 1999) .
In yeast grown on glucose, high PKA activity ensures that various pathways specifically required for growth on non-fermentative carbon sources or for entry into stationary phase are repressed (for reviews and details on the Ras/cAMP pathway, see Tatchell, 1986; Broach, 1991; Thevelein and de Winde, 1999 ; for a review on the stationary phase, see Werner-Washburne et al., 1993) . Inactivation of PKA, which requires deletion of three genes (i.e. TPK1, TPK2 and TPK3) encoding redundantly functioning catalytic subunits, causes a G1 phase cell cycle arrest at the same point as nutrient depletion. Moreover, PKA depletion results in a physiological response that is similar to the response observed in wild-type cells after nutrient starvation. Accordingly, PKA is suggested to control both proper G1 arrest and the co-ordinated physiological response after nutrient starvation. The mechanisms by which PKA controls cell growth are still unclear. Interestingly, deletion of Msn2p and Msn4p suppresses the growth arrest caused by PKA depletion, as does the deletion of the protein kinase Yak1p, a growth-related gene under Msn2p and Msn4p control (Garrett and Broach, 1989; Smith et al., 1998) . Similarly, loss of the protein kinase Rim15p, a known target of PKA required for proper entry into stationary phase, also suppresses the total loss of PKA (Reinders et al., 1998) . One potential target of Rim15p is the transcriptional activator Gis1p, which is essential for post-diauxic shift (PDS) elementdependent transcription after glucose depletion (Pedruzzi et al., 2000) . However, loss of Gis1p only partially rescues PKA-compromised mutant strains, and it is likely that PKA may regulate growth through its direct or indirect modulation of transcriptional activators including Msn2/4p, Gis1p and possibly additional, as yet unidentified proteins.
Many factors regulating transcription through upstream regulatory sequences (URS) have been associated with the co-ordinate induction or repression of genes in response to environmental stimuli. Recent work has started to address the function of general transcription factors in such processes, in particular using genomewide microarray analyses (Holstege et al., 1998) . Interesting findings were made when Srb subunits of the Mediator component of the RNA polymerase II holoenzyme were analysed. For instance, a dramatic alteration of transcription of pheromone response pathway genes was observed after loss of Srb5p, and half the genes derepressed upon loss of Srb10p are genes that are derepressed after nutrient starvation (Holstege et al., 1998) . Classical genetic approaches have also revealed that components of the basic transcription machinery might be direct targets of signalling pathways responsible for co-ordinating yeast cell growth with nutrient availability. For instance, a selection for mutants that exhibit a defective transcriptional response to nutrient availability led to the identification of the SRB9, SRB10 and SRB11 genes, which, as mentioned above, encode components of the RNA polymerase II holoenzyme (Chang et al., 2001) . Interestingly, a recent paper has described the importance of Srb10p for nuclear exclusion of Msn2p in exponentially growing cells and for hyperphosphorylation of Msn2p upon heat shock (Chi et al., 2001) .
The Ccr4-Not complex is an essential global regulator of transcription that regulates genes positively and negatively and is thought to regulate the activity of TFIID in vivo (Collart and Struhl, 1993; 1994; Liu et al., 1998; Oberholzer and Collart, 1998; . It exists either as a core 1.2 MDa complex, consisting of Ccr4p, Caf1p and the five Not proteins (Not1-5p), or as a less well-characterized 2 MDa complex (Maillet et al., 2000) . The functional entity of this complex and its role in the regulation of transcription are still unknown. Although the interactions of given components of this complex with the TATA box-binding protein (TBP) and particular yTaf II s have been described Badarinarayana et al., 2000; , there are also functional links to components of the SAGA complex (Collart, 1996; Benson et al., 1998) and to other proteins involved in transcription, RNA degradation or protein modification (Liu et al., 1997; Hata et al., 1998; Chang et al., 1999; Daugeron et al., 2001; Tucker et al., 2001) . It is difficult to reconcile the large number of interactions that have been described with a unique function of the complex. Many phenotypes have been associated with mutations in the different CCR4-NOT genes, but none of them is shared uniformly by all mutants. For instance, although loss of Not1p is lethal (Collart and Struhl, 1993) , loss of other gene products (e.g. Not2p and Not5p) causes a significant decrease in growth rate or nearly no effect at all (e.g. Not3p, Caf1p and Ccr4p) (Collart and Struhl, 1994; Maillet et al., 2000) .
In a recent study, we found that the Ccr4-Not complex was not equally active at all times, as increased Not1p-dependent transcriptional repression occurred at the diauxic shift . This change correlates well with the known decrease in PKA activity during normal growth of cells. Thus, in the present study, we investigated a possible link between the Ccr4-Not complex and PKA. We present experiments that support a model in which the Ccr4-Not complex contributes to the control of Msn2/4p-dependent transcription by the Ras/cAMP pathway. First, Not3p and Not5p interact in the two-hybrid assay with one of the catalytic subunits of PKA. Secondly, not3D mutations result in a synthetic Control of Msn2p by the Ccr4-Not complex and PKA 1025 temperature-sensitive growth defect when combined with mutations that compromise cells for PKA activity and at least partially suppress the effects of both a dominantactive RAS2 allele and loss of Rim15p. Thirdly, transcription dependent upon the Msn2/4 partially redundant zinc finger proteins usually repressed by PKA is activated in ccr4-not mutants. This correlates with an alteration of post-translational modifications of Msn2p in ccr4-not mutants. Our results are compatible with a new role for the Ccr4-Not complex in controlling transcription by regulating modifying enzymes that act to control the activity of Msn2p.
Results

SSA3 and CTT1 expression are under the control of the Ccr4-Not complex
We have shown previously that repression by the Ccr4-Not complex is regulated during normal growth of cells in rich medium. Accordingly, repression of HIS3 and HIS4 TATA-less transcription at the diauxic shift requires Not1p as well as other components of the complex (unpublished data). Based on these experiments, we hypothesized that the Ccr4-Not core complex may play an important role in transcriptional control in response to glucose depletion and/or during entry into stationary phase. This idea led us to examine whether genes normally induced under these growth conditions, such as CTT1 or SSA3, might be regulated by the Ccr4-Not complex. Therefore, we analysed total cellular RNA from wild-type and various ccr4-not mutant cells growing exponentially in rich, glucose-containing medium, or corresponding cells that were starved for 2 h in rich medium lacking glucose, for the levels of both SSA3 and CTT1 transcripts (Fig. 1A) . Corresponding cells that were shifted to 37∞C or 39∞C for various amounts of time were also analysed for the levels of CTT1 (Fig. 1B) . Basal and induced levels of both SSA3 and CTT1 were higher in ccr4-not mutants than in wild-type cells. Similar results were obtained for all other ccr4-not mutants tested (data not shown). Other transcripts, such as DED1, which decreases upon glucose depletion, and BCY1, which is unaltered under the experimental conditions tested, were similar in wild-type and mutant cells (data not shown).
Other stresses, such as high salt or peroxide, were analysed and gave similar results to the stresses tested in Fig. 1 .
Two components of the Ccr4-Not complex, namely Ccr4p and Caf1p, have been shown to be directly involved in mRNA deadenylation (Daugeron et al., 2001; Tucker et al., 2001) . Although a similar role for the Not proteins has not been described, and the increased CTT1 and SSA3 transcript levels were observed in strains carrying mutations in genes encoding all the components of the Ccr4-Not complex, we wanted to verify that the transcript increases were not the result of transcript stabilization rather than transcriptional increases. We disrupted NOT3 in a strain carrying a thermosensitive mutation in RPB1, encoding the largest subunit of RNA polymerase II (Kolodziej and Young, 1991) . We analysed CTT1 and SSA3 levels in the rpb1-1 and rpb1-1 not3D strains upon transfer to the restrictive temperature after a high salt stress necessary to give detectable levels of both transcripts (Fig. 1C) . Induction of both CTT1 and SSA3 by heat shock is blocked in rpb1-1, even when cells lack NOT3, suggesting that induction of these transcripts in wild-type cells and superinduction of these transcripts in the not3D mutants (see Fig. 1B for CTT1) results from a transcriptional event. This experiment shows, first, that CTT1 is not induced in the not3D strain by the transfer to high temperature under conditions in which there is no transcription (compare with Fig. 1B ) and, secondly, that SSA3 has the same apparent half-life when transcription is arrested, whether the cells carry or lack NOT3. Similar results were obtained with NOT5 (data not shown). These results suggest that it is really transcription of SSA3 and CTT1 that is regulated by the Ccr4-Not complex, rather than transcript stability. For the rest of this work, we have focused on NOT5 and/or NOT3.
Msn2p-and Msn4p-regulated gene products are overexpressed in not5D mutants and superinduced upon stress
Stress-induced transcription of both CTT1 and SSA3 has been shown to be mediated by the zinc finger proteins Msn2p and Msn4p. To determine whether genes regulated by these factors may generally be overexpressed in ccr4-not mutants, we analysed the proteome of wild-type and an isogenic not5D mutant strains grown to exponential phase. Cells were labelled with [
35 S]-methionine, and extracts were subjected to two-dimensional gel electrophoresis. The central regions of the two-dimensional maps are shown in Fig. 2 . Several proteins were overexpressed in the mutant including the Ctt1, Tkl2, Ald5, Eno1, Tfs1 and Pnc1 (Fig. 2) , Hsp12, Ugp1, Ssa3 and Hsp104 (data not shown) proteins. They all correspond to proteins induced under stress conditions in a Msn2/4p-dependent manner (Boy-Marcotte et al., 1998; Gasch et al., 2000; Causton et al., 2001) . Other stress proteins whose expression is Msn2/4p independent, but dependent on other factors such as Yap1p or Hsf1p were not modified. We also observed the superinduction of most of the Msn2/4p-dependent proteins under osmotic stress and heat shock conditions (data not shown). Interestingly, several proteins of the translation machinery (the Efb1, Eft1, Tef3, Tif1, Tif5A, Bel1, Ssb1, Ssb2, Rpa0, Rpa2, Rpl45 and Rps25A proteins), usually repressed under stress conditions (Gordon et al., 1998; Boy-Marcotte et al., 1999) , are significantly underexpressed in the mutant (data not shown).
Based on the high constitutive expression level of Msn2/4p-dependent genes in not5D mutants, we hypothesized that these mutants may also have a high level of intrinsic stress resistance. To address this point, exponentially growing cells were incubated at 50∞C for 40 min, and viability was measured at different time points after the temperature shift. Figure 3 shows that not5D mutants have enhanced levels of intrinsic thermotolerance when compared with wild-type cells. Accordingly, >50% of the not5D cells survived for 40 min at 50∞C, whereas only 10% and 2% of the wild-type cells survived 12 and 40 min at 50∞C respectively (Fig. 3 ).
Msn2p-dependent activation through the STRE is increased in ccr4-not mutants
Msn2/4p activate genes through STRE, whereas the Ccr4-Not complex has been described as controlling transcription through the core promoter. To determine whether the Ccr4-Not complex may regulate Msn2/4p-dependent expression, we first assayed transcription in wild-type and not5D mutant cells using a minimal promoter-lacZ fusion that contained a core promoter sequence with or without seven STREs (see Experimental procedures). Transcriptional induction from these reporter genes was measured in cells growing exponentially on glucose or in glucose-starved cells (Fig. 4A) . Under both conditions, STRE-dependent expression was dramatically induced in not5D mutants when compared Fig. 1 . SSA3 and CTT1 are superinduced by glucose depletion or heat shock in ccr4-not mutants. Total cellular RNA was extracted from the indicated cells that were first grown in glucose-rich medium to an OD 600 of 1.0, then washed and transferred to either rich medium with (YPD) or without (YP) glucose and incubated for 2 h at 30∞C (A) or heat shocked at 37∞C or 39∞C for the indicated lengths of time (B). CTT1 and SSA3 mRNA levels (A) or CTT1 mRNA levels (B) were revealed by S1 analysis. C. The indicated strains were grown to an OD 600 of 0.5, at which point 0.8 M NaCl was added for 30 min. Then, the strains were placed at 37∞C for the indicated times, and total cellular RNA was extracted. CTT1, SSA3 and DED1 mRNA levels were measured by S1 analysis. The half-life of SSA3 can be calculated as the time necessary to decrease by half the mRNA upon transcriptional arrest that occurs when rpb1-1 cells are shifted to the restrictive temperature and is roughly the same in cells carrying or lacking NOT3.
with wild-type cells. This effect was entirely mediated by the STREs, as expression from the same reporter plasmid lacking the STREs was similarly low in all strains and under both conditions tested (i.e. all activities were <10 Miller units; data not shown). Basal STRE-dependent expression is more striking in this type of experiment than in the analysis of RNA levels (see Fig. 1A ), and this reflects the fact that, in one case, one measures the activity of a stable protein, whereas in the other case, one measures the levels of a much less stable transcript.
To test whether the increased STRE-dependent expression in not5D mutants was indeed mediated by Msn2/4p, we deleted both MSN2 and MSN4 genes in a not5D mutant and assayed STRE-dependent transcription in cells growing exponentially. Figure 4B shows that STRE-dependent expression was dependent on the presence of Msn2/4p in not5D mutant cells, with a larger contribution of Msn2p, as has been mentioned previously for wild-type cells (Görner et al., 1998) . Thus, STREmediated, Msn2/4p-dependent transcription is strongly increased in not5D mutants.
We investigated whether transcription of the CTT1 gene was also entirely Msn2/4p dependent in a not5D mutant. Total cellular RNA was extracted from not5D mutant cells containing or lacking the MSN2/4 genes and grown at 30∞C before a 10 min transfer to 39∞C. CTT1 transcript levels were undetectable in not5D mutant cells that lacked both Msn2p and Msn4p (Fig. 4C) .
Msn2p is post-translationally modified in not5D mutants growing in rich glucose-containing medium
To determine whether the Ccr4-Not complex regulates the expression of MSN2, we measured the levels of the MSN2 transcripts in exponentially growing and glucosestarved wild-type and not5D mutant cells. No difference was observed in MSN2 transcript levels between wildtype and mutant cells, indicating that post-transcriptional mechanisms may be involved in the increased Msn2/4p-dependent transcriptional activation observed in not5D mutants (data not shown). Therefore, we also analysed Msn2p levels in exponentially growing and post-diauxic phase wild-type and not5D mutant cells (Fig. 5) . As described recently (Garreau et al., 2000) , SDS gel analysis of wild-type cell extracts reveals multiple, differently migrating isoforms of Msn2p, which may result from phosphorylation events and may depend on the physiological culture conditions. Interestingly, although the absolute Msn2p levels were found to be similar in wild-type and not5D mutant cells, the apparent isoforms of Msn2p from both exponentially growing and post-diauxic cells were clearly different in not5D mutant cells compared with wildtype cells. In general, higher levels of faster migrating Msn2p isoforms were found in not5D mutants, suggesting that post-translational modification of Msn2p (possibly phosphorylation) is defective in not5D mutants. Furthermore, no visible modifications of Msn2p occurred in glucose-starved not5D mutant cells.
Genetic interaction between the Ccr4-Not complex and the Ras/cAMP pathway
Our data presented above suggest that the Ccr4-Not complex may formally act as a negative regulator of 35 S labelling and two-dimensional gel electrophoresis were performed as described in Experimental procedures. The figure corresponds to the central region (pI ranging from 5 to 6 and molecular weight from 20 to 80 kDa) of the autoradiograms. Proteins overexpressed in the mutant strain and Act1p (used as internal standard) were indicated on the map. (1000) were plated on glucose-rich plates, and the number of colonies that had grown a few days later were counted. One thousand colonies were referred to as 100%. Fig. 4 . STRE-dependent expression is upregulated in not5D mutants, and this is dependent upon the MSN2/MSN4 genes. The indicated cells carrying an integrated STRE-lacZ reporter construct were grown to an OD 600 of 1.0 after dilution of an overnight culture to an OD 600 of 0.1. A. At this point, cells were washed and transferred to glucose-rich medium (YPD) or rich medium lacking glucose (YP) for 2 h. B. At this point, cells were kept growing exponentially in glucoserich medium for 24 h. Protein extracts were prepared, and b-galactosidase activity was measured. C. Total cellular RNA was prepared from not5D, not5D msn2D or not5D msn2D msn4D cells, grown at 30∞C to an OD 600 of 1.0 and shifted or not for 10 min to 39∞C. The levels of CTT1 and DED1 transcripts were measured by S1 analysis.
Msn2p function. As it has been suggested earlier that Msn2p activity is under the negative control of the Ras/cAMP pathway (Smith et al., 1998) , and PKA may phosphorylate Msn2p in vivo, it may be possible that the Ccr4-Not complex contributes to the Ras/cAMP- dependent control of Msn2p activity. Therefore, we studied a potential genetic interaction between the Ras/cAMP pathway and the Ccr4-Not complex. In a first set of genetic experiments, we were able to detect specific twohybrid interactions between Tpk2p (but not Tpk1p or Tpk3p) and both Not3p and Not5p, indicating that Tpk2p may interact, either directly or indirectly, with the Ccr4-Not complex (Fig. 6A) . We next found that a not3D mutation caused a strong reduction in growth rate as well as temperature sensitivity in PKA-compromised strains (i.e. strains that have only one functional Tpk gene product), but not in wild-type cells. Furthermore, the introduction of TPK1, TPK2, TPK3 or NOT3 complemented the observed growth defect in tpk1 tpk2 not3 cells (Fig. 6B) . The same result was obtained when the cells carried Tpk1 as the only TPK gene product (data not shown). Interestingly, however, we observed no synthetic growth defect when not3D and tpk1 tpk3 were combined, indicating that the observed synthetic phenotype is mainly caused by the genetic interaction between NOT3 and TPK2. The not5D mutant was not analysed in such experiments because it displays a temperature-sensitive and slow growth phenotype.
The synthetic defects observed between tpk1 tpk2 (or tpk2 tpk3) and not3D suggest either that the Ras/cAMP pathway and the Ccr4-Not complex may act in parallel and control a common target(s) or that the Ccr4-Not complex acts as a downstream effector of the Ras/cAMP pathway. Expression of a constitutive allele of RAS2 (RAS2 ) and, to a lesser extent, of GPA2 (GPA2 R273A. ), which causes constitutive activation of the Ras/cAMP pathway, renders wild-type cells sensitive to heat shock (Xue et al., 1998) . We wanted to determine whether not5 mutations might be epistatic to the effects of these constitutive alleles, as would be expected if Not5p is an effector of the cAMP/PKA pathway. We transformed wildtype and not5-1 mutant cells with plasmids carrying these two alleles and tested viability after subjecting the transformants to a heat shock at 50∞C for given lengths of time. Fig. 6 . A. Not3p and Not5p interact in the two-hybrid assay with Tpk2p. Strain EGY48 was transformed with LexA-TPK1, LexA-TPK2 or LexA-TPK3 together with pJG4-5, pJG4-5-NOT3 or pJG4-5-NOT5, and the transformants were streaked on minimal galactose medium containing or lacking leucine. Growth on the latter, but not the former, indicates a two-hybrid interaction. B. Synthetic temperature sensitivity of a not3D mutation combined with the deletion of two TPK genes. The indicated strain (tpk1D tpk2D not3D) transformed with plasmids carrying no insert, or the indicated inserted genes, was grown on glucose-rich medium at 37∞C for 3 days. C. not5 mutations suppress the heat shock sensitivity caused by expression of a constitutive RAS2 or GPA2 R273A allele. Wild-type or not5-1D mutant cells were transformed with plasmids carrying the RAS2 or GPA2 R273A consitutive alleles. The transformants were subjected to heat shock at 50∞C for 20 and 40 min, and equivalent amounts of cells from the wild-type or not5-1 transformants were plated in serial dilutions and allowed to grow. The percentage of viable cells was counted and plotted. D. Induction of transcription of STRE-containing genes in not5-1 is mostly unaffected by expression of a constitutive RAS2 allele. Total cellular RNA was extracted from not5-1 cells transformed with an empty vector (-) or with a plasmid carrying the RAS2 allele (+). Cells were grown to an OD 600 of 0.5 (E) and shifted for 15 min to 39∞C (HS). Total cellular RNA was extracted, and the levels of the indicated transcripts were measured by S1 analysis.
As expected, viability was decreased dramatically by both constitutive alleles, but to a greater extent by the RAS2 allele, in the wild-type cells (Fig. 6C) . In contrast, viability of not5-1 mutant cells after heat shock at 50∞C, when expressing either constitutive allele, was similar (Fig. 6 C) and much less affected than in wild-type cells. Thus, the not5-1 mutation is at least partially epistatic to the constitutive RAS2 and GPA2 R273A alleles. To determine further whether we could see any not-independent effects of PKA on transcription, we compared not5-1 mutant cells expressing the RAS2 allele with not5-1 mutant cells carrying a control vector. We measured SSA3 and CTT1 transcript levels in cells growing exponentially or cells stressed by heat shock. Figure 6D shows that constitutive activation of PKA in not5-1 mutant cells could only very slightly reduce the induction of CTT1 transcript levels by heat shock (compare HS lanes in Fig. 6D ), but not the induction of SSA3 by heat shock. Measurement of STREdependent gene expression in these strains using an integrated STRE-lacZ reporter similarly showed that constitutive activation of PKA could only weakly decrease induced STRE-dependent gene expression in not5-1 mutant cells (data not shown).
One known target of the Ras/cAMP pathway acting downstream of PKA is Rim15p. We therefore tested whether loss of Not3p was able to suppress the starvation sensitivity of rim15D mutants. As shown in Table 1 and in accordance with previously published results (Reinders et al., 1998) , we found that rim15D cells were sensitive to starvation (<6% survival after 10 days in stationary phase). Interestingly, loss of Not3p suppressed the starvation sensitivity of rim15D mutants. These results are in accordance with a model in which the Ccr4-Not complex could act as a downstream effector of the Ras/cAMP pathway and are compatible with a model in which the Ccr4-Not complex may contribute to Rim15p-dependent control of stationary phase entry.
Not3p and Not5p are modified during normal growth of cells
The finding that the Ccr4-Not complex could act downstream of the Ras/cAMP pathway prompted us to examine whether any of the components of this complex might be modified according to the levels of PKA. Interestingly, we observed that Not3p and Not5p were both modified as cells grew from exponential phase into the post-diauxic phase, and the levels of both proteins decreased when cells entered stationary phase, Not3p to a greater extent (Fig. 7A) . No modification of Not3p and Not5p was observed during growth in a mutant with high, unregulated PKA activity (bcy1; data not shown). To determine the importance of PKA activity itself, we looked at Not5p in a strain that lacked all three catalytic subunits of PKA, as well as the protein kinases Rim15p and Yak1p, which are both involved in negative control of growth. Figure 7B shows that, in this quintuple mutant, Not5p is constitutively modified, in contrast to a corresponding rim15 yak1 double mutant. This indicates that the observed modification in exponentially growing quintuple mutant cells results from the absence of PKA rather than the absence of Rim15 and Yak1, which is in accordance with the finding that the latter two protein kinases do not have prominent roles during exponential growth.
Finally, to determine whether the modifications of the Not proteins were restricted to the diauxic shift transition, or whether other stresses that induce Msn2-dependent transcription might modify the Not proteins similarly, we analysed Not3p in cells subjected to a heat shock (Fig. 7C) . A similar post-translational modification of Not3p and subsequent decrease in protein levels was observed in wild-type cells that were subjected to a heat shock. In this case, however, the modifications were rapid and transient.
Discussion
Mutation of the Ccr4-Not complex causes increased Msn2/4p-dependent transcriptional activation through the STRE
In this work, we show that mutations in several genes encoding components of the Ccr4-Not complex cause increased levels of CTT1 and SSA3 transcripts. Experiments with the not5D mutant show that, in general, STREdependent transcription is increased. Similar results were obtained for the other ccr4-not mutants (data not shown). The increased STRE-dependent transcription in ccr4-not mutants is measurable in cells growing exponentially in glucose-containing medium, in cells starved for glucose, as well as in cells subjected to stresses such as heat shock or high salt. STRE-dependent transcription has been described as being mainly controlled by the zinc finger protein Msn2p and the partially redundantly functioning homologue Msn4p (Martinez-Pastor et al., 1996) . Results are given as percentages. The indicated strains were grown in glucose-rich medium for the indicated days after dilution of an overnight culture. At each time point, an equivalent amount of cells (1000) was plated on glucose-rich plates and left to grow. After a few days, the number of colonies forming was counted (1000 = 100%).
NOT5 result, in general, in slow growth and indirect activation of the stress response. This does not seem very likely, as activation of the stress response is known to cause hyperphosphorylation of Msn2p (Garreau et al., 2000) . This is in marked contrast to our findings that Msn2p is significantly hypophosphorylated in not5D mutants. Furthermore, analysis of an unrelated very slow-growing mutant affected in the secretion pathway revealed that slow growth per se does not induce STREdriven expression (data not shown). A recent paper describes an important role for Caf1p (also known as Pop2p) in the transient G1 arrest in response to glucose deprivation at the diauxic shift (Moriya et al., 2001) . This control involves a rapid (within <2 min) phosphorylation of Caf1p. Interestingly, a deletion of CAF1 is mentioned to activate STREdependent transcription and lead to survival in stationary phase cells, as we have ourselves observed, whereas a mutation that prevents modification of Caf1p upon glucose deprivation prevents G1 arrest at the diauxic shift and leads to overgrowth. This is a phenotype we have observed with the not1-1 and not3D mutants (data not shown). Interestingly, not1-1 is suppressed by overexpressing NOT3, suggesting that there might be a privileged functional interaction between Caf1p and Not3p. Whether the modification of Caf1p precedes and/or depends upon that of Not3p and Not5p has not , and protein extracts were made by the alkaline lysis method. Glucose levels were measured and are indicated above the lanes (as a percentage) until no more glucose was detectable. Not3p and Not5p were visualized by running the extracts on a 7% SDS-PAGE and subsequent Western blot analysis. Equal amounts of protein were loaded in each lane, and this was confirmed by Ponceau staining of the blots (data not shown). B. Cells of the indicated genotype were grown exponentially (Exp.) for 24 h (24 h) or 48 h (48 h), and one OD 600 of cells was collected, protein extracts made by the alkaline lysis method and Not5p analysed by Western blot. C. Wild-type cells were grown to an OD 600 of 1.0, then transferred to 37∞C. One OD 600 of cells was collected at the indicated time points, and protein extracts were made by the alkaline lysis method. Not3p levels and TBP as control were analysed by running the extracts on 7% and 15%, respectively, SDS-PAGE and Western blot analysis.
In addition, Hot1p and Msn1p, two transcription factors that participate in the response to osmotic stress, may also be involved in the control of STRE-driven gene expression (Rep et al., 1999) . We were able to demonstrate that the observed increase in STRE-driven expression in not5D mutants is mostly dependent on the presence of a functional Msn2 protein (Fig. 5) , with a smaller contribution from the Msn4 protein (data not shown).
The observed increase in STRE-driven expression in not mutants is interesting from several points of view. First, in contrast to all other phenotypes that we have investigated so far, it is common to all not, ccr4 and caf1 mutants, suggesting that control of STRE-driven expression is likely to constitute a central function of the Ccr4-Not complex. A second interesting aspect is our finding that the dramatic increase in CTT1 and SSA3 transcript levels in not mutants is apparently not caused by the effects of the Ccr4-Not complex on the core promoter, but by its effects on a UAS-binding transcriptional activator (i.e. Msn2p). Nevertheless, our results are also compatible with a model in which the Ccr4-Not complex would affect the core promoter, such that Msn2p could be a stronger activator. This issue will need to be investigated further.
The induction of STRE-dependent transcripts could, in principle, simply result from the fact that mutations in been determined. However, we have found that, whereas Yak1p is the major kinase phosphorylating Caf1p (Moriya et al., 2001) , it is not necessary for the modifications of Not5p (and Not3p; data not shown), although it may contribute to the timely modifications of these proteins (see Fig. 7B ). It is possible that multiple independent modifications occur within subunits of the Ccr4-Not complex upon glucose limitation, resulting in different effector functions.
Msn2p is modified at the post-translational level in ccr4-not mutants
Assessment of MSN2 transcript and Msn2p levels in not5D mutants suggests that the Ccr4-Not complex is not involved in the transcriptional regulation of MSN2. Instead, our results suggest that the Ccr4-Not complex may regulate post-translational modification of Msn2p. Although we have not yet studied in detail the Ccr4-Not-dependent Msn2p modifications, our own preliminary experiments suggest that the corresponding modifications result from phosphorylation and/or dephosphorylation events. The nature of the corresponding protein kinases and phosphatases that interact directly with and modify Msn2p is still unknown. For instance, it has been suggested recently that direct PKA-dependent phosphorylation of Msn2p not only prevents nuclear localization of Msn2p, but also inhibits hyperphosphorylation/activation of Msn2p by as yet unknown protein kinases (Garreau et al., 2000) . Thus, it seems that the localization as well as the transcriptional activity of Msn2p are regulated by a complex network of antagonizing protein kinases and/or phosphatases.
In not5D mutants, Msn2p is apparently hypophosphorylated. Whether there is any phosphorylation of Msn2p in not5D mutants is unclear, as the lack of an apparent change in mobility on SDS-PAGE by treatment of extracts with alkaline phosphatase is not sufficient for such a determination. Interestingly, although to date activation of Msn2p-dependent transcription has always been correlated with hyperphosphorylation of Msn2p, we describe here a situation in which Msn2p-dependent transcription is very high and can be induced further with no apparent change in the mobility of Msn2p on SDS-PAGE. As mentioned above, although these results do not exclude the possibility that Msn2p is still subjected to phosphorylation/dephosphorylation control mechanisms under the described conditions, they suggest that the previously described hyperphosphorylation of Msn2p may not be necessary for its activation. One possible model is that hyperphosphorylation of Msn2p during stress is necessary for the subsequent rapid inactivation of Msn2p upon recovery from the stress. Our finding that transcriptional activation by Msn2p is less transient in ccr4-not mutants than in wild-type cells (see Fig. 1 ) is in accordance with such a model.
The Ccr4-Not complex as an effector of the Ras/cAMP pathway
One simple interpretation of the results discussed above is that the Ccr4-Not complex may function as an effector of the Ras/cAMP pathway, possibly acting downstream of PKA and/or of Rim15p and contributing to repress stressand starvation-induced transcription (see model in Fig. 8 ). Several genetic observations support such a model. First, loss of Not3p causes a synthetic growth defect when combined with mutations that lead to attenuation of PKA activity (i.e. tpk1 tpk2 or tpk2 tpk3) and suppresses the starvation sensitivity of rim15D mutant cells. Secondly, a not5 mutation suppresses the heat shock sensitivity of a RAS2 mutation that causes constitutive activation of the Ras/cAMP pathway, and heat shock sensitivity caused by a constitutive GPA2 R273A allele that also activates the PKA pathway. Furthermore, expression of RAS2 has only very minor effects on transcript levels of STRE-regulated genes in a not5-1 mutant. Thus, although we cannot formally exclude the possibility that the Ccr4-Not complex may act in parallel to, and redundantly with, the Ras/cAMP pathway, our genetic data are consistent with a model in which the Ccr4-Not complex may be involved in contributing to PKA-dependent transcriptional control of STRE gene expression. An intriguing extension of this model would posit that the Ccr4-Not complex is regulated reciprocally by direct or indirect activation via PKA and inactivation by Rim15p. Both the previously reported finding that maximal STRE-dependent expression requires the presence of Rim15p (Pedruzzi et al., 2000) and our observation that Tpk2p interacts specifically with two subunits of the Ccr4-Not complex (Not3p and Not5p) support such a model.
Physiological role of the Ccr4-Not complex in the regulation of stress genes
We have found that Not3 protein levels decrease under stress conditions. Therefore, deletion of NOT3, and hence loss of Not3p, mimics a physiological stress condition. In this context, it is interesting that the decrease in Not3p level is paralleled by an increase in Msn2p-dependent transcription. Accordingly, Msn2p-dependent transcription is strong and long-lasting during the post-diauxic shift when Not3p almost totally disappears. On the other hand, heat shock causes a transient decrease in Not3p levels, which is paralleled by a transient activation of Msn2p-dependent transcription. It is possible that regulation by the Ccr4-Not complex represents an additional layer of control that serves to fine tune the stress response: maximal activation of Msn2p would require the inactivation of both PKA and the Ccr4-Not complex. Inactivation of PKA, triggered by stress or nutrient starvation (Geymonat et al., 1998; Griffioen et al., 2001) , may therefore allow activation and/or nuclear localization of Msn2p via yet to be defined protein kinases (Garreau et al., 2000) and be necessary to alleviate Msn2p from Ccr4-Not-dependent negative control mechanisms. The exact nature of these proposed negative control mechanisms is still unknown, but one conceivable model would posit that the Ccr4-Not complex regulates Msn2/4p activity via specific phosphatases and/or protein kinases.
It is conceivable that the Ccr4-Not complex may regulate the transcription of modifying enzymes, as the main function of the Ccr4-Not complex described so far is to regulate transcription. Alternatively, the modifying enzymes themselves might be regulated by interaction with the Ccr4-Not complex. In this context, it is interesting to note that an interaction between the Ccr4-Not complex and the Srb10 kinase has been described (Liu et al., 2001) , and that a role for the Srb10 kinase in the phosphorylation of Msn2p has also been reported (Chi et al., 2001) . In this latter case, one can imagine that the Ccr4-Not complex may serve as a platform that integrates signals from various signalling pathways (e.g. the Ras/cAMP pathway and stress-activated signalling pathways) and transmits these signals to effectors, such as TFIID or the Srb10 kinase.
Experimental procedures
Strains and growth media
All media were standard and were YPD or YP, except in experiments in which media were selective for plasmids and contained YNB. All strains are indicated in Table 2 . To create an msn2 null mutant, the double msn2 msn4 knock-out strain that we received was back-crossed three times to MY4. This allowed the generation of a msn2 null strain isogenic to our strains. To create an msn4 null, the null allele of MSN4 from the strain we received was amplified by polymerase chain reaction (PCR) with appropriate primers and used to disrupt MSN4 in MY1. The two null mutant strains were then crossed to given ccr4-not mutants to obtain the double and triple mutants. RIM15 was disrupted in MY1 by transformation of a PCR-amplified marker cassette with short flanking homology regions. Double mutants with ccr4-not mutations were obtained by crosses. To create strains carrying mutations in TPK genes and in NOT3, strains RS13-58A1 and S15-5B were crossed to MY2, and the genotyped spores were backcrossed once more to wild-type cells, then to not3 mutant strains to obtain the appropriate multiple mutants. YAK1 was disrupted in MY1 by transformation of a PCR-amplified marker cassette with short flanking homology regions and was crossed to a rim15 null strain to obtain double mutants by sporulation and tetrad dissection. The rpb1-1 strain RY260 (a kind gift from W. Hörz) was back-crossed three times to MY1, leading to MY2730. The NOT3 gene was disrupted in MY2730 by transformation of a digested plasmid DNA as described previously (Collart and Struhl, 1994) , and the correct integration event was verified by PCR. The quintuple tpk1 tpk2 tpk3 yak1 rim15 mutant (CDV80-8A) is a segregant of the diploid strain CDV80 that was created by mating strains NB13-1D (Reinders et al., 1998) and SPG406 (Garrett and Broach, 1989) . To create strains carrying LacZ reporter constructs with or without STRE, plasmids pLSq or STRE-pLSq (described in Pedruzzi et al., 2000) were linearized by NcoI and integrated at the URA3 locus.
To measure thermotolerance, cells were grown overnight in glucose-rich medium or in selective medium when necessary, diluted in the same medium to an OD 600 of 0.1 in the morning, allowed to grow to an OD 600 of 1.0 and incubated at 50∞C for various lengths of time. Equivalent amounts of cells after different time points were plated on glucose-rich medium and left to grow. The numbers of cells forming colonies were then calculated. The number of colonies formed from cells not subjected to the heat shock was calculated as 100%.
DNA constructs
To fuse Tpk1p, Tpk2p and Tpk3p to the LexA DNA-binding domain (DBD) coding sequences in plasmid pEG202 (Zervos et al., 1993) . S. cerevisiae TPK1, TPK2 and TPK3 full-length coding sequences were amplified by PCR using Vent DNA polymerase (New England Biolabs) and genomic DNA as template. Appropriate restriction sites were introduced with the primers. The PCR products were cloned at the EcoRI-XhoI sites (TPK1 and TPK2) or at the NcoI-XhoI sites (TPK3) of pEG202. The pEG202 constructs contain either two (EF for pEG202-TPK1 and pEG202-TPK2) or nine (EFPGIRRPW for pEG202-TPK3) additional amino acids between the LexA DBD and the first amino acid (M) of the fused protein.
Yep213-RAS2
Val-19 and pRS314-GPA2
R273A
have been described previously (Broek et al., 1987; Xue et al., 1998) .
RNA analysis
Total cellular RNA was extracted as described previously by the hot acid phenol method (Collart and Struhl, 1993) , and 50 mg was hybridized to SSA3 (5¢-GGCGGCGCACCAA TTAATCTTTTCGGTGTCTGTGAAAGCCACATACGATGGA GTGGTCCTATTACCTTGCATGG-3¢) or CTT1 (5¢-GCAATAT TTTCCAGCAGATGGAAGTCTTGCAGTAAGATAGGGCCG TCTGGTCTTGAGTATTGAGAAGCGCCATG-3¢) probes, digested with S1 nuclease and analysed on a 6% sequencing gel as described previously.
b-Galactosidase assays
The equivalent of five OD 600 of cells to be tested were collected and resuspended in 200 ml of 25 mM Tris-phosphate, pH 6.7, and 0.1 mM phenylmethylsulphonyl fluoride (PMSF). Glass beads (0.3 g) were added, and the mix was vortexed at high speed for 30 min at 4∞C. After centrifugation in a microfuge at 12 000 g for 15 min at 4∞C, the supernatant was collected and the protein concentration measured by the Bio-Rad Bradford assay. A 50 mg sample was incubated in a total volume of 1 ml with Z buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 and 50 mM bMeOH, pH 7.0) for 10 min at 30∞C. Then, 200 ml of ONPG (4 mg ml -1 in 0.1 M KPO 4 ) was added, and the reaction was stopped after 20 min by the addition of 500 ml of 1 M Na 2 CO 3 . The OD 420 was measured, and Miller units were calculated according to the formula OD 420 ¥ 377.7.
Western blot analysis
Cells were grown overnight in glucose-rich medium to saturation, diluted next day in the same medium to an OD 600 of 0.3 and left to grow at 30∞C. At given times thereafter, the OD 600 was measured, and the equivalent of one OD 600 of cells was collected. Alternatively, cells grown to an OD 600 of 1.0 were transferred to 37∞C for given lengths of time, and the equivalent of one OD 600 of cells was collected. Protein extracts were prepared by the alkaline lysis method, and equivalent amounts of extract were separated on 7% SDS-PAGE, transferred to nitrocellulose and probed with Not3p and Not5p (Oberholzer and Collart, 1998) or Msn2p (a kind gift from F. Estruch) antibodies.
Analysis of the proteome by two-dimensional gels
Aliquots (2 ml) of mid-log phase culture (OD 600 of 0.4) grown at 30∞C were labelled with [ 35 S]-methionine (200 mCi) for 30 min and processed for two-dimensional gel electrophoresis as described previously (Maillet et al., 1996) . The experiments were performed three times with similar results. The proteins overexpressed in the mutant strain were identified by matching the corresponding two-dimensional map with a reference gel containing more than 450 previously identified proteins (Maillet et al., 1996; Gordon et al., 1998; BoyMarcotte et al., 1999) .
